him extra problems so he could go ahead at his own pace, and he found that he especially loved the practical work of perfecting physics experiments, where his passion for detail encouraged him to repeat his investigations with careful management of lab techniques to improve the accuracy of his final results. As no one in his family had attended university, Gibbons sought advice as to where he should go, and his school headmaster played a major role in his life by recommending that he decline an initial offer from one of the modern universities and instead stay an extra year at Faversham to apply for a scholarship at Cambridge. Gibbons had recently passed a few weeks in bed ill, entertaining himself by reading some books on chemistry, and he remembered being struck particularly by the many oxidation states of the element vanadium; this turned out to be a fortuitous intellectual encounter. The entrance exams for Cambridge were both thorough and leisurely in those days and candidates were advised not to restrict themselves to answering the questions directly, but to give additional relevant information when they could. Through a lucky coincidence, there appeared a question on a vanadium compound that Gibbons was requested to identify in the practical chemistry exam. Not only did his chance reading (and excellent memory) enable him to answer in depth, but this compound would return later in his life as an important tool for his research on dynein. About this visit to Cambridge, he wrote (36)*:
The beauty of King's College grounds made an extremely strong emotional impression on me. I had never been anywhere so tranquil and beautiful before in my life. I remember thinking that I would never have a chance of being accepted into such a privileged college. I was amazed to receive a telegram a few days later saying that I had received a Minor Scholarship. The next day there followed a letter from my future advisor, Dr David Stockdale, advising strongly that I gain additional maturity and experience of life by fulfilling my 18-month National Service (conscription) obligation prior to coming up to Cambridge.
Royal Air Force
Gibbons took off on an 18-month detour, performing his National Service as a pre-qualified radar mechanic in the Royal Air Force, before heading to Cambridge. During the requisite eight weeks of basic training, he noted with relief that his only acquaintance with a loaded weapon was a single afternoon at the rifle range. After this experience, passing the radar exams was no problem and he was soon posted to an air base near Peterborough. Once on the job, he found that servicing the sets brought in from the bombers on the station usually involved just swapping out one or another of the vacuum tubes, most often the klystron or the cavity magnetron, and that he was not expected to do any repairs at the component level. A potential hiccough in his plans arose when the war in Korea started and the period of National Service was extended to two years, but the RAF allowed him to be discharged early as he had his entry to college already arranged.
Life in Cambridge
Upon entering Cambridge as an undergraduate in October 1951, Gibbons needed to read four subjects in his first year of the Natural Science Tripos (the framework for studies at Cambridge). Physics, chemistry and mathematics had been his passions in school, and it seemed natural to continue them. Stockdale then recommended that Gibbons use the fourth subject to get some knowledge of biology, which he foresaw very correctly as an area of burgeoning interest. Taking physiology for his first year, Gibbons found it rather too descriptive and medically oriented to spark much enthusiasm, but in his second year he switched to biochemistry and found that subject much more stimulating.
On the basis of his final Tripos results, Gibbons was offered a research studentship in biological applications of electron microscopy in the Cavendish Electron Microscopy (EM) Unit headed by Dr Vernon Cosslett (FRS 1972) . Gibbons later admitted that moving into applications of physics to biology proved well suited to his abilities. He also took up playing the recorder to extend his interest in classical music (figure 2) and enjoyed biking around the town, punting on the river in summer and ice skating in the winter. 
Cavendish Lab, electron microscope studies and doctoral degree
When he joined the EM Unit in 1954, Gibbons was relieved to find a more congenial social environment, and the other students became his first group of scientific kindred spirits. His PhD supervisor, John Bradfield, was a zoologist who had a half-time appointment in the Cavendish. At this time, he was studying cilia and flagella by electron microscopy and had proposed a contractile mechanism for their motility (Bradfield 1955) . To get Gibbons started, however, Bradfield suggested that he use the then newly developed thin-sectioning procedure (1) to study the structural changes in chromosome organization during mitosis and meiosis in locust testis (2). Bradfield's move to Trinity Bursar soon thereafter left Gibbons, as he described it (36), 'almost completely to his own devices. I felt I wanted to move along as speedily as possible in life-I wanted to complete the PhD in 3 years', which he promptly accomplished. While his results demonstrated that chromatin aggregates into folded sheets during the reshaping of the rounded spermatid nuclei into the elongated shape of mature sperm heads, possibly as a result of the switch from histone to protamine as the major protein component of chromatin (2), Gibbons himself described the research as 'not inspiring'. He would have liked to clarify how chromosomes condense during prophase. Fortunately, his examiners, Laurence Picken, from the zoology department, and Arthur Hughes, from Oxford University, considered these mixed results sufficient for his thesis.
Moving to the USA
In the spring of 1957, as Gibbons was starting to write his thesis, Tom Anderson, one of the eminent pioneers of biological electron microscopy, passed through the Bradfield lab and offered him a postdoctoral position for the autumn in the Johnson Foundation at the University of Pennsylvania. When Gibbons arrived in Philadelphia at the end of the summer in 1957, he found that Anderson was having difficulty obtaining space in which to install the new electron microscope needed for his intended high-resolution work on negativelycontrasted virus particles. Although Gibbons enjoyed the scientific camaraderie at Penn, he felt frustrated by a lack of momentum toward his ambitious research goals at the time. In his typical independent style, Gibbons perceived that his future at the lab was limited and took it upon himself to respond to a job advertisement from Harvard University that happened to appear in Nature.
Research at Harvard
The following summer, Gibbons moved to Harvard University as an electron microscopist with the task of starting up a new service laboratory in the biology department. Although this was a junior position with the formal status of a postdoctoral fellow, he had negotiated an agreement of devoting half his time to informal instruction of graduate students starting in electron microscopy while keeping the remainder available for his own research. One of Gibbons' closest collaborations during this period was with John Dowling, who was then a graduate student in George Wald's lab, studying the interactions of the retina with the pigment epithelium during embryonic development (6). As time passed, Gibbons gradually took on additional responsibilities, producing annual reports and honing his grant-writing skills with the renewal application for the departmental National Science Foundation (NSF) grant for electron microscopy.
At this time, Ian's lunch meetings with George Wald's group became a life-changing experience when he met his future wife, Barbara Hollingworth, with whom he was to have an enduringly happy marriage in addition to a superbly productive research collaboration. Barbara had obtained her bachelor's degree in chemistry from Mount Holyoke College before moving to Harvard, where she was a graduate student of John Edsall's studying for her PhD on the kinetics of the enzyme carbonic anhydrase. In addition to science, Ian and Barbara shared a love of hiking and other outdoor recreation (figure 3), classical chamber music (with Barbara playing violin in a weekly string quartet group) and a strong belief in non-religious family bonds. They were married in the spring of 1961 and in the summer made an eight-week automobile camping tour, passing through more than half of the 50 states of North America in their trusty but ancient Plymouth Cambridge.
Electron microscopy of cilia and flagella
In addition to meeting Barbara while at Harvard, Gibbons formed a vital scientific and personal relationship with the zoologist Bill Grimstone. Bill introduced Gibbons to the complex flagellated protozoa Trichonympha, which make their gloriously humble abode in the termite hindgut, and yet whose chromosomes had been reported by light microscopy to be exceptionally highly organized. These largish protozoa contain an exquisitely complex array of thousands of basal bodies with flagella emerging from around their rostral tube, presumably to aid their vital role in digesting cellulose.
Unfortunately, by electron microscopy, Trichonympha chromosomes looked just as opaque to interpretation as those Gibbons had studied earlier. However, while scanning the sections for nuclei, he happened upon two fields in which the flagella and the basal bodies underlying them were cut in beautifully clean cross-sections. These pictures showed vastly more structural detail than had been described by Björn Afzelius's earlier micrographs (Afzelius 1959) , which Afzelius perceptively had used to suggest axonemes might contain arm-like structures similar to the cross-bridges in muscle that cause doublet microtubules to slide relative to each other. As well as clearly showing the nine doublet tubules surrounding two central tubules, Gibbons' micrographs allowed him to describe two sets of outer and inner 'arms' extending from each outer doublet and reaching over in a very evocative fashion, as if poised to grasp and hold onto one side of each of the adjacent doublet tubules (figure 4). In addition, the basal bodies were so finely sliced that one could see exactly how their nine-fold triplet structure linked to the shaft of the flagellum proper. Such beautiful structures had to be worth studying! In interpreting the significance of the 'arms' he could see in his micrographs, Gibbons said he was helped by the fact that he was already familiar with the basic biological questions associated with flagella and cilia from the work of his supervisor at Cambridge, John Bradfield. In his pioneering 1955 review (Bradfield 1955) , Bradfield was the first to frame the fundamental biological questions posed by the then newly discovered nine-plus-two organization of microtubules in cilia and its constancy through evolution. In addition, Björn Afzelius (Afzelius 1959) had described similar structures in sperm flagella and had suggested that they might function to produce sliding between tubules in a mechanism reminiscent of that proposed for the cross-bridges between filaments in striated muscle (Huxley & Hanson 1954) . Gibbons later added a more detailed analysis by distinguishing the two tubules of each doublet as A and B, with the arms being permanently attached to the A-tubule of each doublet and extending toward the B-tubule of the adjacent doublet. He also noted that the apparently unequal lengths of the doublet tubules in the flagellar tips would be consistent with a sliding tubule mechanism. However, he favoured a contractile mechanism on the basis that in sperm flagella, a sliding mechanism would necessitate limited regions at different positions along a given tubule moving simultaneously in opposite directions, which he (incorrectly, as we now know) deemed improbable.
Over the next couple of years, Gibbons extended the electron microscopic analysis to the ciliary and flagellar axonemes of a variety of other organisms. In all cases, the conspicuous enantiomorphic asymmetry of the axoneme (4, 5) seemed likely to underlie the clockwise conical component of the ciliary beat pattern. Recent work in the Hirokawa laboratory has demonstrated that a similar conical beat pattern occurs in vertebrate nodal cilia, where it initiates the left-right asymmetry in embryo development (Nonaka et al. 1998; Okada et al. 2005) . The clockwise handedness of ciliary structure thus constitutes one link in the chain that upscales the fundamental asymmetry of l-amino acids to proteins, to ciliary axonemes, to the asymmetric positioning of body organs in vertebrates.
Gibbons deemed the best way to further explore the flagellar structure would be to study the array of proteins that composed them. In November 1962, with the benefit of considerable advice from Barbara, who had extensive previous experience with protein chemistry, Gibbons acquired a set of the famed Carlsberg micropipettes (hand-blown to ±1% accuracy by H. E. Pedersen) and began making preparations of isolated cilia from cultures of Tetrahymena. After experimenting with salts and non-ionic detergents, Ian found he could isolate demembranated cilia that retained almost all their ATPase activity (7, 9) . Centrifugation of the resulting solution in a Beckman Model E analytical ultracentrifuge showed a large peak sedimenting at about 4S, as well as smaller peaks at 14S and 30S, which presumably represented different axonemal proteins potentially responsible for microtubule-based motility.
Within three months, Gibbons succeeded in separating the arm proteins from the tubules (7), and found that most of the axonemal ATPase activity, but only about one-third of the total protein, went into solution. Electron microscopy showed that the protein left behind mainly contained doublet tubules, and centrifugation of the soluble fraction produced the same three peaks but with less material in the 4S peak. Indeed, most of the ATPase activity occurred only in the 14S and 30S peaks, with the former having about twice the activity of the latter. Amazingly, about one-half of the native axonemal structure spontaneously re-formed itself when magnesium was added back into the preparation (7). Gibbons then correlated the presence or absence of arms on the doublet tubules with the presence or absence of pelletable ATPase activity, strongly suggesting that the arms contain most of the ATPase responsible for ciliary motility.
These results aroused significant interest when Gibbons first presented them at the annual meeting of the Biophysical Society in March 1963. The biology department agreed to release Gibbons from responsibility for the electron microscopy service lab and to give him a faculty appointment as an assistant professor. The increased funding provided by a National Institutes of Health (NIH) research grant in his own name allowed Ian to hire a postdoctoral researcher. With this increased freedom, and Barbara having just completed the requirements for her PhD degree, the happy couple decided to take off with their six-month old daughter, Wendy, and spend the coming summer in Cambridge, England. In addition to visits to his family and some excellent hiking, carrying Wendy up Snowdon in Wales, Gibbons needed to finish writing and submit his initial paper on the new axonemal ATPase. While in Cambridge, Gibbons also visited Paley Johnson, a protein chemist who worked on the physical chemistry of muscle proteins, in order to discuss his recent work.
Since the doublet arms apparently represented an ATPase different from myosin, the only other motile ATPase known at the time, Gibbons proposed that the ciliary enzyme was one of a new class of motility proteins that functioned as the energy-transducing motor causing cilia to beat, and that might also produce the force necessary to move objects in the cytoplasm, for example during mitosis (11) . Naming a new protein was an infrequent event in those days and in a discussion between Ian and Barbara one evening at home, Barbara came up with the name of dynein, after the dyne, which had been the accepted unit of force when the two of them were going through school.
In 1964 Arthur Rowe joined Ian at Harvard as a postdoctoral student, and in 1966 Fernando Renaud and Ray Stephens also joined the group. Together they worked to characterize the second of Gibbons' two major protein fractions, the structural protein of the ciliary microtubules, as a dimer of molecular weight 105 kilodaltons (kDa) containing 2 moles of guanine nucleotide (12, 13) . For obscure reasons, neither the Gibbons lab nor another group with Dick Weisenberg and Gary Borisy took the opportunity to name this new protein (Weisenberg et al. 1968) . But a short while later, Hideo Mohri came up with the excellent name of tubulin (Mohri 1968) . Several years passed, however, before anyone discovered how to re-polymerize the tubulin dimer back into microtubules (Weisenberg 1972) .
A time for decisions
At this juncture, Gibbons felt that his first, and most important, decision was to continue working with the axoneme-based motility of cilia and sperm flagella, rather than attempting to isolate dynein and tubulin from the cytoplasm. As with the early studies of myosin and actin from skeletal muscle, the advantages of starting with an easily isolated and highly-structured microtubule system seemed likely to outweigh the disadvantage of it being specialized.
Second, he needed to shift to an organism with longer flagella so that he could relate experimental manipulations of the proteins with changes in motility. Sea urchin sperm flagella looked to be a promising system when Gibbons tried to isolate their proteins during a summer he spent at Woods Hole (10) , and, in addition, the classic paper of Sir James Gray (Gray 1955) had shown that their planar beat pattern is easily recorded on film.
As Barbara noted later, the two Gibbons children (Wendy's brother, Peter, was born in 1964) shared their babyhood with their very intellectually active parents during this Cambridge period. 'I think the third word in their vocabulary was dynein -after cilia and ATP [adenosine triphosphate],' Barbara joked when she and Ian gave their acceptance speech for the E. B. Wilson Award in Cell Biology in 1994. When the opportunity came along to move to Hawaii, where sea urchins are abundant and sexually mature throughout the year, the Gibbons family, which included two scientifically literate toddlers, was keen for the next adventure.
The scientific life in Hawaii
In the mid 1960s, the University of Hawaii had recruited Bob Kane to help design a new marine laboratory on an oceanfront site close to downtown Honolulu. The Kewalo Marine Laboratory was completed in 1972 and had a spectacular setting looking out over the surf line toward Diamond Head, while the freshly pumped sea water Kewalo provided for maintaining exotic sea creatures such as sea urchins enticed Ian even more than the view. During the more than 25 years of his stay in Hawaii, Gibbons often expressed gratitude for Bob Kane's immensely skilful style of administration at Kewalo which shielded Gibbons' research from the daily nitty-gritty of building management.
Shortly after the move to Hawaii, Barbara joined the project. She used her considerable talents for bench work and experimentation to develop beautifully uniform preparations of completely demembranated sperm with flagellar waveforms and beat frequencies very close to those of live sperm (15) . Despite the fact that the maximal beat frequency of the reactivated axonemes was only about ∼35 Hz, as compared with 55 Hz in the flagella of live sperm at the same temperature, her method provided a way to further dissect how cells such as sperm manage to use chemical energy from ATP to propel themselves through sea water in search of eggs to fertilize.
Using this system, the Gibbons lab was able to discern three distinct patterns. First, ATP concentration, temperature and changes in the number of dynein arms present all seemed to alter flagellar access to energy, and thus they changed primarily the beat frequency but not the waveform (19, 20) . For example, the beat frequency of the reactivated flagella could be reduced from 38 Hz to as low as 1.1 Hz by decreasing the concentration of ATP (16). On the other hand, agents in the second group, which included attachment of the sperm head to the slide, changing the flagellar length, and altering the Ca 2+ concentration, all changed the bend angles and the asymmetry of the waveform, but had little effect on beat frequency (24). The third category of modification, the viscosity of the medium, had only small effects on beat frequency and wavelength (Brokaw 1966) . The intriguing aspect of the first two sets of modifications was their indication that these parameters of flagellar beating are regulated by distinct mechanisms within the axoneme, with little dependence upon the viscous resistance of the medium (20) .
A breathtakingly creative set of experiments grew out of these studies of reactivated sperm flagella. Gibbons and his graduate student, Keith Summers, were attempting to further study an intriguing observation Gibbons had made earlier: adding ATP to solutions of Tetrahymena axonemes caused them to appear to swell in size and reduced the turbidity, or cloudiness, of the solution (8). At first, Summers was unable to reproduce this response in sea urchin axonemes, and so he tried using the protein-digesting enzyme trypsin to do some controlled nicking of the axoneme to allow the ATP into the structure. Unexpectedly, he found that this caused the solution to clarify and thin even more than that of Tetrahymena. When examined with an electron microscope, the cylinders of nine outer doublet tubules appeared intact until after ATP was added, and then the axonemal cross-sections disintegrated into individual doublet tubules (14, 17) .
With Gibbons' background in microscopy, he naturally itched to see what processes were actually taking place inside the axonemes during this transition. At this time, following the development of the 'more powerful' electron microscope, use of light microscopy under darkfield conditions to observe objects smaller than the wavelength of light had fallen into disuse. (14) with permission).
However, as a beginning research student, Gibbons had once heard Andreanus Pijper describe using dark-field microscopy with the South African sun as a powerful light source to record individual bacterial flagella on film (Pijper 1948) . The lab did own dark-field condensers for their light microscope, but their most powerful light source was a simple 6v lamp built into the base. With characteristic optimism, grit and intuition, however, Gibbons refused to be deterred. He and Barbara returned to the lab after dark one evening to test an idea. With Barbara watching over his shoulder, Gibbons was rewarded by being able to see, for the first time, the actual sliding apart of trypsintreated axonemes into their component doublet microtubules as ATP flowed in from the side. To his well dark-adapted eye, he was able to spot the faint scattered light from individual microtubules as they shot out the ends of the axoneme like silly string out of a pressurized can, even with just that 6v lamp. The couple felt elated by the clarity and significance of being able to actually watch ATP-dependent microtubule sliding happening in real time.
Gibbons and Summers then snapped dark-field micrographs to show that the lengths of the fully disintegrated structures ranged up to seven times that of the original fragment, meaning that most or all of the doublets were able to slide (14) (figure 5).
Using a more powerful lamp, they then made 16 mm films to show that adjacent tubules slide at about 10 µm s −1 (14) . Although these quantitative details agreed with predictions for a sliding tubule model (Satir 1968) , it was really the visual impact of actually seeing the sliding happen that was the most convincing. When shown an early version of this film at the Annual Meeting of the American Society for Cell Biology in 1971, the audience responded with a standing ovation, and Gibbons is now credited with applying dark-field light microscopy for studies of ciliary and flagellar motility which led to further analysis of microtubule motors dynein and kinesin.
While Gibbons was working on the light microscopy, Summers had been using electron microscopy to study the rate at which trypsin disrupted the various structural components of the axoneme (17) . On the basis of his data, Summers & Gibbons proposed a mechanism for movement of the dynein arms in which the binding and hydrolysis of ATP causes a cyclic change in their angle. This angling, coordinated with the arms' repeated detachment and reattachment to successive sites along the adjacent B-tubule, should result in their pushing this second doublet along the length of the first (14) . Simple geometry, based upon the tubules being inextensible, indicated that the observed angle would displace the two sides of the axoneme by ca 400 nm, with at least 100 nm between adjacent doublets (Satir 1968) .
More speculatively, Summers & Gibbons also suggested that: (a) the dynein arms generate a force in only one direction between a given pair of tubules; (b) the nexin links provide the major elastic resistance required to convert sliding into bending; (c) the central tubules and sheath, together with the radial spokes that connect them to the outer doublets, are involved in the coordination process; and (d) the 5-10 nm gap usually observed between arms and the adjacent B-tubule possibly also participates in regulation by preventing interaction of the arms with the B-tubule until the gap becomes closed. Some of these points have been confirmed by subsequent work and some remain controversial.
To obtain more direct evidence that the dynein arms cause tubule sliding, Barbara made use of a serendipitous observation that a high-salt solution causes the flagellar beat frequency to decrease gradually over a few minutes before stabilizing at around half the initial value. When she removed known fractions of dynein arms, she observed corresponding decreases in beat frequency. She then was able to restore the frequency to normal again by adding back the outer arm dynein (16, 22) . These results indicated that the outer dynein arm is responsible for control of beat frequency, and the inner dynein arms for control of the size and shape of the flagellar bend, results that were subsequently confirmed by genetic and functional analysis of flagellar dyneins in Chlamydomonas (Kamiya & Yagi 2014 ).
Sabbatical year
During 1973-1974, Gibbons took a sabbatical leave with Barbara and the children to spend a year in France working at the Centre d'Etudes Nucléaires de Grenoble, where he was very kindly hosted in the laboratory of Pierre Vignais, who had an active group, including his wife, Paulette, working on mitochondria. While there, Gibbons used both normal and high-voltage electron microscopy to study the structure of axonemes that had been set into rigor waves by abrupt depletion of ATP (18, 21) and to show that dynein's mobility was critical to flagellar flexibility.
While in France, the whole family enjoyed picking wild raspberries to can jam, experimenting with fermenting grapes to make wine and making the most of having seasons again by going skiing. When they returned to the US in the summer of 1974, however, Gibbons and his family were disheartened by the tacky extravagance of American gas-guzzling cars, the debacle of the Watergate scandal and by the impossibility of finding decent bread or cheese. Forced to settle for sunny beaches and the cultural mélange of Honolulu, they experimented with making yogurt and cooking favourite French recipes. In short, the Gibbons family was never the same.
Dynein motility becomes better understood
In 1977, Win Sale, then a graduate student in Peter Satir's lab, made an extension to the work of Summers & Gibbons by using critical-point drying to prepare clusters of partially disintegrated axonemes for examination by electron microscopy (Sale & Satir 1977) . This procedure enabled him to demonstrate that the sliding produced by dynein arms indeed proceeds only in one direction, namely toward the minus, or proximal, end of the doublet microtubule on which they moved along. Sale & Satir reasoned that, during the effective stroke, the dynein on the doublets of one side of the axoneme must produce force in that one direction, while the dynein on doublets of the other side are inactive and permit passive sliding; then, during the recovery stroke of the beat cycle, the active and passive sides would be reversed. This model was later extended to account for the oscillatory bending waves of sperm flagella (Sale 1986 ) and further elaborated into a more detailed 'switch-point' mechanism by Satir & Matsuoka (1989) , with recent direct evidence for switching (Lin & Nicastro 2019) .
Characterization of dyneins during the second half of the 1970s using the new technique of gel electrophoresis allowed the Gibbons lab, as well as other researchers, to discover that all dynein ATPases contain as their core an exceptionally large 'heavy chain ' polypeptide with a molecular mass of 450-500 kDa, one of the largest known protein subunits occurring in nature (King 2016) . Additionally, Gibbons exploited an earlier observation to demonstrate that the vanadate ion inhibits ATPase activity in dynein (23) and mediates photocleavage at dynein's hydrolytic ATP-binding site. Both characteristics soon provided the larger dynein community with diagnostic tools for identifying putative dynein proteins and helped pin down a region for analysis of ATP-binding (25, 28) . This was a time of great activity in the Gibbons lab (figure 6), with the addition of students and postdoctoral fellows including John Evans, Marie Paule Cosson, Christopher Bell, Jerold Chun and others, all carefully trained in biochemistry and cell biology of the flagellum by Ian and Barbara Gibbons (figure 7), and the presence of Grace Tang, a long-time, talented research scientist in the Gibbons lab.
The mid to late 1980s saw discovery and rapid advances in knowledge of cytoplasmic dynein, due largely to the adaptation of Sheetz & Spudich's original in vitro assay for myosin on cytoplasmic actin networks (Sheetz & Spudich 1983) . Related in vitro assays were developed for study of motor driven microtubule translocation and led to discovery of kinesin (Vale et al. 1985) and cytoplasmic dynein (Paschal et al. 1987b) . Further analysis confirmed that cytoplasmic and axonemal dyneins are minus-end-directed motors (Fox & Sale 1987; Paschal et al. 1987a; Sale & Fox 1988; Vale & Toyoshima 1988 ) and revealed additional unexpected properties of the dyneins (26; Vale & Toyoshima 1988) .
Transition to molecular biology
By 1989, the genes for the other motor proteins, kinesin and myosin, had been already identified and cloned, but there was still no sequence for any dynein. Gibbons decided to take on the challenge of sequencing the beta heavy chain of sea urchin dynein, although its predicted coding length of 13-15 kb would probably make it the longest gene sequenced at the time. Gibbons felt confident that minimal retraining of his existing group of talented experimenters would enable them to handle the task efficiently. Lacking any previous dynein sequence, the group first screened an expression library with a polyclonal antibody to identify the gene. Gibbons had devised a clever method to help them extend the sequence quickly by using a novel 'leapfrog PCR' procedure, and working diligently as a team, the group took only three months to complete the 17 walk steps needed. During the progress of sequencing the cDNA encoding the beta chain, Gibbons happened to learn that Kazuo Ogawa, a former postdoctoral student in the Gibbons lab who had moved to Japan, was engaged in sequencing the same dynein heavy chain from a different species of sea urchin. Fortunately, the two projects were on roughly the same schedule and so the two groups agreed on simultaneous publication (Ogawa 1991) (27) . Gibbons and Ogawa were gratified when they exchanged derived amino acid sequences for double-checking of discrepancies right before publication, and found that they each needed to fix up only three or four out of the 4466 residues in the beta chain. Researchers Dave Asai, Grace Tang, Gabor Mocz and Cheryl Phillipson were among those helping on the sequencing project. The striking feature that repaid them for their efforts consisted of four copies of a 'P-loop ' or Walker-A motif for an ATP-binding site. The amino acid sequence also confirmed that dynein shows no homology to either kinesin or myosin. Eight years later a more thorough sequence analysis by Andrew Neuwald and co-workers identified dynein's evolutionary origin within the large superfamily of AAA+ ATPases (Neuwald et al. 1999) .
To help further classify the family of dynein isoforms, Gibbons set up a collaborative sequence exchange with the lab of Tom Hays at the University of Minnesota and used polymerase chain reactions (PCRs) to obtain partial clones of dynein isoforms in sea urchins, while the Hays lab did the same with Drosophila. The two labs were able to identify 14 different dynein heavy chain genes (29, 33). Barbara Gibbons' meticulous experimental technique allowed her to isolate, blot and probe a large number of intact poly(A+) RNA preparations. Everybody who has worked with poly(A+) RNA knows how difficult it is to avoid ribonuclease degradation. This becomes even more difficult when working with the unusually long 14 kb transcripts of dynein.
Move to Berkeley
Toward the end of their time in Honolulu, Barbara was looking forward to retiring and moving closer to their children, Wendy and Peter, whereas Ian still yearned to follow up on more ideas for dynein experiments and had an NIH grant that was funded for another five years. The exceptionally devoted research couple agreed to compromise by both retiring and moving from Hawaii to an area close to the University of California at Berkeley in 1997. Beth Burnside, whom Gibbons had known for many years, was extremely generous in offering to host Gibbons and a new research assistant for what eventually turned into an extended stay of 12 years in her lab. Unfortunately, soon after the move to California, Barbara was diagnosed with Parkinson's disease. She and Gibbons put their amazing collaborative scientific methods to good use in helping her to maintain her favourite activities of hiking several times a week, eating well and continuing to see friends and family through many of the subsequent 15 years of her illness. In addition to keeping track of carers and structuring Barbara's detailed medication schedule, Gibbons managed to uphold a very productive and creative scientific life thanks to the support from Burnside as well as the research assistants, Joan Gabarino and Wesley Snipes. In Berkeley, Gibbons collaborated with Gabor Mocz, still at the University of Hawaii, to build a model for the heavy chain of axonemal dynein based on the 1999 work by Andrew Neuwald and co-workers, who had proposed a hetero-hexameric ring-shaped motor domain. The two assembled the structures into a ring with a diameter of 125-135 Å and a central space of 15-20 Å (30) . Gibbons also worked to annotate the dynein heavy chain genome and showed that genes of sea urchins and humans are 64-74% identical at the amino acid level (29, 32) .
While browsing through the literature to look for a promising new dynein project, Gibbons happened upon Melissa Gee's excellent paper identifying the microtubule-binding domain of dynein as a small globular structure at the tip of a coiled-coil stalk protruding from the core of the motor (Gee & Vallee 1998) . Gee also mentioned that a bacterial seryl tRNA synthetase (SRS) enzyme possessed a similar projecting hairpin stalk. Gibbons realized that he could use this similarity to construct a chimeric protein in which a stub of the synthetase stalk was fused to a dynein stalk. He then tweaked the length of the stub to meticulously test how this affected dynein's ability to bind to microtubules (28, 31). As he later wrote (36): It is very rare in science for dreams of this kind to actually work out as planned, but in this case they essentially did. On the basis of the results we obtained, my research associate Joan Gabarino and I proposed that small amounts of sliding displacement between the two strands of dynein's coiled-coil stalk are involved in modulating the affinity of the MTBD during dynein's mechanochemical cycle.
To further this understanding, Gibbons and Gabarino then worked with Andrew Carter, an experienced crystallographer in the Vale lab at the University of California San Francisco (UCSF), to crystallize the MTBD/SRS fusion protein and obtain an atomic level structure of the binding domain (34). This structure, as well as subsequent crosslinking studies (35) , supported Gibbons' hypothesis of bidirectional communication.
Recognizing his life-long achievement for identifying dynein and elucidating its mechanism, Gibbons, along with Ron Vale, was awarded the 2017 Shaw Prize in Life Sciences and Medicine (figure 8).
The plusses of working on a minus-directed motor Based on Gibbons' pioneering biochemical and molecular studies, we now recognize the essential functions that dyneins play in virtually all eukaryotic organisms, from single cell protozoa to modern humans. We also know that genetic defects in human dyneins give rise to severe developmental defects, infertility and neuronal degenerative diseases. In his scientific journey, Gibbons brought exceptional ingenuity and a very English brand of tenacity, along with humanity and friendship toward the many people who worked with him over the years.
He often expressed how lucky he felt to have a career doing something he loved and at which he excelled. He never second-guessed his fascination with and decision to stick with dynein, and its ability to transform chemical energy into physical movement encouraged him to believe that this protein must play an essential role for life. Although dynein presented challenges, with its high molecular mass and modest quantities, Gibbons saw these as opportunities to develop innovative experimental techniques. He wrote (36): 'Dynein may be a minus-end-directed motor, but working with it has had lots of plusses. I hope the fun that we enjoyed will encourage highly talented young scientists to bring their powers to bear on the many fascinating secrets that remain in dynein, as well as in the other molecular motors, and, indeed, in most aspects of human biology.'
